Background. Liver diseases progress faster in human immunodeficiency virus (HIV)-hepatitis C virus (HCV)-coinfected persons than HIV-monoinfected persons. The aim of this study was to compare rates of liver fibrosis progression (measured by the aspartate-toplatelet ratio index [APRI]) among HIV-HCV-coinfected users of modern protease inhibitor (PI)-and nonnucleoside reverse transcriptase inhibitor (NNRTI)-based regimens with a backbone of tenofovir/emtricitabine (TDF/FTC) or abacavir/lamivudine (ABC/3TC).
With improvements in combination antiretroviral therapy (cART), the life expectancy of human immunodeficiency virus (HIV)-infected persons approaches that of the general population [1] , resulting in long-term cART exposure and the potential for cART-related liver damage. HIV-hepatitis C virus (HCV)-coinfected persons experience more rapid progression of liver disease than HIV monoinfected persons [2] . However, to date, only a small proportion of coinfected persons have undergone HCV treatment, and liver damage may persist despite a cure. It is therefore essential to understand whether specific classes of cART agents are harmful in order to minimize the risk of additional liver disease in this population.
Both acute and long-term hepatotoxicities have been associated with protease inhibitors (PIs) and nonnucleoside reverse transcriptase inhibitors (NNRTIs). The metabolic effects of PIs, including increases in lipids, insulin resistance, and deposition of free fatty acids in the liver, could lead to steatosis and inflammation [3] . These metabolic changes are not commonly associated with NNRTI use, although efavirenz can cause lipid changes [4] . In several studies, PI-associated acute hepatotoxicity of HIV-infected persons has been reported, with or without HCV coinfection [5] [6] [7] [8] [9] [10] [11] . In coinfected persons, cumulative exposure to PIs was associated with liver steatosis [12] . However, lower risks of fibrosis [13, 14] and cirrhosis [15] and slower fibrosis progression rates [13] [14] [15] were reported when PI-based regimens were compared with either absence of treatment or mono/dual therapy with nucleoside reverse transcriptase inhibitors (NRTIs). Elevated risks of long-term hepatotoxicity have also been reported with NNRTI use [13, 16] .
The inclusion of dideoxynucleoside-containing backbones complicates interpretation of the results of early studies as these NRTIs are highly disruptive of mitochondrial function and are associated with steatosis [17] . Currently, the recommended NRTI backbone combinations are tenofovir/emtricitabine (TDF/FTC) or abacavir/lamivudine (ABC/3TC) [18] . While these modern backbones have low levels of mitochondrial toxicity [17] and are not generally considered hepatotoxic, there is limited information on their long-term impact on liver fibrosis [18] .
No long-term studies of modern cART regimens and liver disease in coinfected persons are available to indicate the long-term hepatic safety of PIs and NNRTIs. Our objective in this study was to assess the progression of liver damage among HIV-HCV-coinfected users of modern PI-based and NNRTI-based cART regimens, taking into account the backbone used. We sought to determine if either class of "anchor agent" (eg, PI or NNRTI) is associated with accelerating liver fibrosis.
METHODS

Study Population and Analytical Sample
The Canadian Co-infection Cohort (CCC) study is a multicenter cohort of HIV-HCV-coinfected persons followed every 6 months beginning in 2003. As of 1 July 2014, 1321 persons had been enrolled from 18 clinics in Canada. All participants are adults who have documented HIV infection, evidence of HCV infection, and have provided informed consent. The cohort has been described in greater detail elsewhere [19] .
We included in the analyses all HCV polymerase chain reaction-positive persons who initiated cART with either a first-line PI or NNRTI as the anchor agent with a TDF/FTC or ABC/3TC backbone [18] . Although some individuals initiated cART prior to cohort entry, only those who had remained on the same class of anchor agent between cART initiation and cohort entry were eligible. We excluded those with chronic hepatitis B infection (because it increases the risk of liver-related outcomes and these individuals are preferentially prescribed TDF/FTC) and those with a history of dideoxynucleoside use. Person-time was censored after initiation of HCV treatment for those receiving treatment during follow-up, as HCV therapy can affect the platelet count and influence the liver fibrosis measure.
We created a propensity score-matched sample to minimize preexisting imbalances in selected covariates between PI and NNRTI users, thus reducing confounding. For example, the choice of anchor agent is closely related to the choice of backbone and to certain risk factors for liver disease. Propensity score matching can alleviate this concern by making the PI and NNRTI users more similar with respect to these characteristics. This score is obtained with logistic regression by calculating the predicted probability of initiating cART with an NNRTI vs a PI. The model included baseline values for age, sex, HCV duration, alcohol and injection drug use (IDU), income less than 1500 CAN$, CD4 cell count, HIV RNA <50 copies/mL, years since cART initiation, and the backbone used. Each individual was matched with replacement based on his or her propensity score using the nearest-neighbor approach [20] .
Antiretroviral Use and Aspartate-to-Platelet Ratio Index Score Measurement
Information on current and past antiretroviral drugs was collected at the first study visit. At each follow-up visit, study coordinators recorded regimen changes. This information was validated with medical or pharmacy records. Chart reviews were conducted to collect additional information on the initiation and discontinuation date for each drug used before cohort entry.
Liver fibrosis was measured at each study visit with the aspartate-to-platelet ratio index (APRI) score, calculated using the aspartate aminotransferase (AST) levels and platelet count as APRI = 100[AST/upper limit of normal]/platelet count (10 9 / L). The natural logarithm of this score was used as a continuous outcome to normalize its distribution [21, 22] .
Statistical Analyses
We estimated the rate of change in ln(APRI) among those who initiated cART with a PI or NNRTI, using the anchor class at initiation as the exposure. This intention-to-treat analysis was selected to obtain the effect of initiating a new regimen. We performed multivariate linear regression with generalized estimating equations to account for the correlated nature of the longitudinal measures. Frequency weights corresponding to the number of times each individual was matched to another were included in the model to account for certain individuals being selected more than once [20] . Years since cART initiation and the interaction term between time and NNRTI vs PI use served to estimate the average rates of change in ln(APRI) among PI and NNRTI users. The model was adjusted for the backbone used, age, sex, and years since HCV infection at cohort entry. We further adjusted for time-updated alcohol use in the previous 6 months, HIV RNA <50 copies/mL, and CD4 cell count at the previous visit.
NNRTI users are more likely to use TDF/FTC than PI users due to the availability of an efavirenz-TDF/FTC coformulation. We therefore explored the potential role of the backbone in fibrosis progression by adding an interaction term between time and TDF/FTC use to the model described above.
For both models, the correlation structure was selected based on the model fit, measured by the quasi-likelihood under the independence model criterion [23] . To handle missing data, multiple imputation implemented with chained equations was used to create 10 imputed datasets, using Rubin's rule to combine standard errors [24] . Because changes in ln(APRI) are difficult to interpret clinically, the coefficients obtained were exponentiated to represent the median change in APRI score on the multiplicative scale ( percent change).
RESULTS
Study Population Characteristics
After matching, the sample consisted of the equivalent of 628 persons divided equally between NNRTI and PI users ( Figure 1 ). Forty-one persons initiated HCV treatment during follow-up. Demographic and clinical characteristics at cohort entry are detailed in Table 1 for PI and NNRTI users before and after matching. Before matching, baseline imbalances were observed between PI and NNRTI users, notably in IDU, alcohol use, HIV RNA <50 copies/mL, and TDF/FTC use. These imbalances were reduced after matching on the propensity score. The majority (92%) of NNRTI users initiated cART with efavirenz, with the remaining receiving nevirapine (5%) or rilpivirine (3%). The most frequently used PIs were atazanavir/ritonavir (47%) and lopinavir/ritonavir (29%). Darunavir/ritonavir was used by 15% and atazanavir alone by 9%.
Progression of Liver Fibrosis Over Time
In the first analysis, PI users experienced a significant median increase in APRI score of 11% per 5 years (95% confidence interval [CI], 1%, 21%). The median increase was slower in NNRTI users at 7% per 5 years (95% CI, −1%, 14%; Table 2 ). The overall median APRI score was 32% higher (95% CI, 14%, 50%) among TDF/FTC backbone users compared with ABC/ 3TC backbone users, although it remained below the cutoff for significant fibrosis (median APRI, 0.79 among TDF/FTC users and 0.61 among ABC/3TC users).
After including an interaction term between the backbone and time, rates of change in APRI score appeared driven by ABC/3TC use, with a 16% median increase in APRI score per 5 years (95% CI, 4%, 29%) when ABC/3TC was used in combination with a PI and an 11% increase per 5 years (95% CI, 2%, 20%) when used with an NNRTI. However, TDF/FTC users did not experience a statistically significant change in APRI score over time with PI-based (8% increase per 5 years; 95% CI, −3%, 19%) nor with NNRTI-based cART (3% increase per 5 years; 95% CI, −7%, 12%). Table 2 presents the back-transformed results for the full models. Although APRI scores are higher overall with TDF/FTC use than with ABC/3TC, the rate of increase in APRI score is greater over time with ABC/ 3TC use ( Figure 2 ).
DISCUSSION
To our knowledge, this is the first study to explore the rates of liver fibrosis progression according to the class of anchor agent and the backbone used in HIV-HCV-coinfected persons on modern cART regimens, with results applicable to current clinical practice. Virologic control of HIV through successful cART is known to be associated with slower fibrosis progression rates in coinfected persons overall. However, whether specific regimens affect fibrosis rates in treated patients remains unclear [25] . In this longitudinal study, we attempted to isolate the effect of modern cART regimens on long-term liver outcomes by emulating a randomized controlled trial using propensity score matching and an intention-to-treat analysis of new users of the anchor agent class. Initiation of cART with a PI appeared to be associated with increases in APRI score over time, whereas NNRTI use was not. This study was not designed to explain the role of the backbone on liver fibrosis progression. However, when the backbone was accounted for, ABC/3TC use with either a PI or NNRTI was associated with changes in APRI over time regardless of the anchor class. In contrast, use of TDF/FTC did not result in significant changes in the APRI score over time. It remains possible that PI use itself could contribute to fibrosis progression given that the estimate among PI-TDF/FTC users was 1.08 (95% CI, .97, 1.19) per 5 years, although we lacked the power to confirm this.
Several studies including HIV-HCV-coinfected persons have shown an association between hepatotoxicity, fibrosis, or clinical liver outcomes and nevirapine use, but not efavirenz [6, [26] [27] [28] , which represented 92% of NNRTI use in this cohort. The results of a sensitivity analysis including only efavirenz users were not appreciably different from those reported here.
There have been several reports of acute PI-associated hepatotoxicity in cohorts of HIV-infected persons, in which some participants were coinfected with HCV [5] [6] [7] [8] [9] [10] and in 1 coinfection cohort [11] . Only 1 study reported an increased risk of steatosis with PI use in coinfected persons [12] , but others showed a decreased risk of liver fibrosis [13, 14] and cirrhosis [15] and slower rates of fibrosis progression [13] [14] [15] . These studies compared PI users with untreated persons or mono/dual-NRTI therapy users. These protective effects may have been driven by a better control of HIV infection among cART users on a PI. Ignoring the backbone used, including dideoxynucleosidecontaining regimens and selecting improper comparison groups biased the conclusions of previous studies. Our group has investigated the relationship between PI and NNRTI use and changes in APRI score in 2 previous studies, with conflicting results [21, 22] . Unlike the present study, these studies were not restricted to coinfected persons, allowed for switches in the class of anchor agent, and failed to account for the backbone used. Although TDF, FTC, and 3TC are associated with low levels of mitochondrial toxicity, ABC can reduce hepatocyte proliferation and increase intracellular lipids and lactate levels [17] . ABC use can also cause hypersensitivity reactions, which are associated with transient and mild liver enzyme elevations [29] , but they usually occur within 6 weeks of initiation [30] . Because cART was initiated for a median of 3.5 years before cohort entry, hypersensitivity reactions are unlikely to have caused the elevated APRI scores observed. Finally, ABC is extensively metabolized by the liver. Bioactivation of ABC to a conjugated aldehyde has been recently identified as a potential trigger for ABC-induced toxic events [31] . Acetaldehyde is a principal mediator of fibrogenic and mutagenic effects of alcohol in the liver, raising the possibility of additive effects in the setting of alcohol use, which is frequent in the coinfected population [32] .
Although there was no statistically significant increase in APRI score over time with TDF/FTC use, the use of a TDF/ FTC backbone was associated with a higher median APRI score overall compared with ABC/3TC use. In the Data collection on Adverse events of Anti-HIV Drugs (D:A:D) study, chronic alanine aminotransferase (ALT) elevation was unexpectedly associated with current use of regimens containing TDF or FTC in HIV monoinfected persons, particularly in the first 2 years [33] . A randomized controlled trial comparing TDF/FTC and ABC/3TC also found stable elevations in AST, ALT, and alkaline phosphatase after 96 weeks of treatment in the TDF/FTC group only [34] . However, in treatment-experienced adults, there was no difference in AST and ALT between TDF/FTC and ABC/3TC in a combined analysis of 2 trials (BI-COMBO trial in Spain and Simplification of antiretroviral therapy with Tenofovir-Emtricitabine or Abacavir-Lamivudine trial (STEAL) trial in Australia) [35] . HCV status was not reported in these trials. In our study, while TDF/FTC users had higher APRI scores overall, they did not experience statistically significant changes in APRI score over time. AST levels, but not the platelet counts (P = .48), were statistically higher among TDF/ FTC users compared with ABC/3TC users (P = .01), resulting in higher overall APRI scores, which suggests that the elevation does not reflect development of fibrosis. While this study presents limitations, these were mitigated by careful design and analysis. One shortcoming was the impossibility of applying a strict new-user design, in which no changes of specific anchor agent would be tolerated, because of the small number of eligible persons. We therefore implemented a design of new users of the anchor class, deemed adequate because we were interested in a class effect rather than the effect of a specific drug. Modifications of the anchor agent within the same class are usually triggered by an adverse reaction in the first 3 months. The most frequently reported drug intolerances resulting in a modification of the regimen are gastrointestinal tract intolerance, hypersensitivity reactions, and central nervous system adverse events [36] . These intolerances are generally acute and occur early after treatment initiation. The drugs that provoke these reactions are therefore likely to have been discontinued close to the time of their initiation. With the exception of hypersensitivity reactions, these adverse events do not impact the liver and are unlikely to affect the relationship studied.
Another limitation is the presence of left truncation because APRI measurements were not available prior to cohort entry and follow-up started after cART initiation for most participants. However, the new-user design that was implemented ensured that the class of anchor agent did not change between treatment initiation and cohort entry, limiting the impact of left truncation on our analyses. At cohort entry, the median time since cART initiation was 3.5 years in the matched sample; however, therapy had been initiated a year or less before cohort entry in 30% of the sample. It is possible that the changes in APRI score that occurred soon after treatment initiation would differ; however, our aim was to study long-term fibrosis development, not acute toxicity, and early effects are likely to be moderate.
The gold standard for liver fibrosis assessment is liver biopsy, which was performed only in a limited number of participants during clinical care and could not be performed ethically every 6 months for research purposes. Transient elastography (FibroScan) is replacing liver biopsy for the assessment of liver fibrosis; however, all study sites did not perform this test, and the number of repeated measures is limited. The APRI score is a widely used alternative that performs similarly to other markers [37] . It has been validated in HIV-HCV-coinfected populations [38] and predicts occurrence of liver complications [21] and allcause mortality [39] . It is usually used as a dichotomous measure [38] , but the continuous score can be useful for research purposes as it predicts overall 5-year survival in HCV-infected persons (hazard ratio, 2.8; 95% CI, 1.6, 4.7) [39] . Known predictors of liver disease also predict the continuous APRI score [40] .
Finally, this study is limited by the close relationships between anchor agents and backbones, which are hard to dissociate and are subject to confounding. PIs are often favored for persons with poor adherence in order to lower risks of resistance [41] . Confounding by indication could bias the results if more PI users had unstable lives, resulting in poorer adherence to treatment and exposure to potential risk factors for liver injury such as alcohol use and uncontrolled HIV replication. NNRTI users are more likely to use a TDF/FTC backbone than PI users due to the availability of a fixed dose coformulation of efavirenz with TDF/FTC [18] . Preexisting differences in demographic and clinical characteristics between treatment groups were reduced by implementation of propensity score matching and adjustment for time-updated alcohol use and HIV RNA, thus reducing confounding.
Despite these limitations, this study has several strengths. The CCC is a large prospective cohort broadly representative of the coinfected population accessing care in Canada (eg, women, Aboriginal people, current and past injection drug users, men who have sex with men). The results obtained are also relevant to current clinical practice because all participants received modern cART regimens [18] and never received dideoxynucleosides, which are known to have high levels of mitochondrial toxicity [17] .
Another strength is the emulation of a randomized controlled trial. Propensity score matching balanced baseline differences in potential confounders between treatment groups, removing part of the confounding bias. The intention-to-treat analysis takes a clinician's perspective, investigating the effect of initiating a certain treatment, regardless of future changes in the class of anchor agent that could be caused by factors associated with liver fibrosis and would result in a carryover effect of the previous regimen. Finally, several sensitivity analyses were conducted to test the robustness of our findings. No clear patterns were apparent when stratified by year of cART initiation. Censoring when changes to the class of anchor agent or backbone occurred or including only boosted PI and efavirenz recipients produced results comparable to those presented here. The conclusion remained unchanged with another sensitivity analysis in which we considered inverse probability weighting for end of followup (ie, censoring).
In conclusion, the rate of change in APRI score seemed more influenced by the backbone than by the class of anchor agent in coinfected persons. Both PI-and NNRTI-based regimens were associated with increases in APRI over time when combined with ABC/3TC. However, the APRI score did not increase significantly over time when PI-and NNRTI-based regimens were used with a backbone of TDF/FTC. This study was designed to investigate the role of the class of anchor agent, not the backbone, on progression of liver fibrosis. Therefore, further investigation is required to better understand how different backbone/anchor drug combinations can affect the liver of HIV-HCV-coinfected persons in the long term.
